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Introduction {#sec001}
============

*Erwinia uzenensis* is a Gram-negative bacterium, non-spore-forming, facultatively anaerobic, pathogenic on European pear (*Pyrus communis*), causing damp, black lesions on young shoots, which occasionally extend from the shoot through the petioles to the main vein of leaves \[[@pone.0219487.ref001]\]. The disease has been named 'bacterial black shoot disease of European pear' (BBSDP) and has been recorded only in Japan and only in pear trees \[[@pone.0219487.ref001], [@pone.0219487.ref002]\]. The symptoms of BBSDP generally resemble those caused on shoots by other necrotrophic *Erwinia* species pathogenic to pear (*E*. *amylovora* and *E*. *pyrifoliae*), except they do not include blossom blight, fruitlet blight and wilting of the shoot tip, thus rendering the impact of the disease less severe than that of the other *Erwinia* pathogens \[[@pone.0219487.ref001]\]. However, due to its relatively recent first description in Japan, the epidemiological characteristics of this new disease are poorly studied and understood. Recent records of *E*. *piriflorinigrans* in new hosts in Spain \[[@pone.0219487.ref003]\] or in new areas in Switzerland (Smits, T., personal communication), as well as the discovery of *E*. *pyrifoliae* in strawberry plants in The Netherlands \[[@pone.0219487.ref004]\] suggest that the likelihood of spread of *E*. *uzenensis* and subsequent yield losses due to its infections could be higher than it is currently anticipated. Consequently, despite its restricted range of symptoms, hosts and geographical distribution, *E*. *uzenensis* could represent a risk for pear production, although with high uncertainty. Furthermore, the differentiation of *E*. *uzenensis* from the other pear-associated *Erwinia* species, including the pathogenic species *E*. *amylovora*, *E*. *pyrifoliae*, *E*. *piriflorinigrans* and the non-pathogenic rosaceous epiphytes *E*. *tasmaniensis*, *E*. *billingiae* and *E*. *gerundensis* \[[@pone.0219487.ref005]\] is of critical importance for exporting commodities, since phytosanitary requirements of importing countries often include certification of absence of certain *Erwinia* plant pathogens. Especially in the EU, *E*. *amylovora* constitutes a regulated harmful organism listed in the phytosanitary legislation \[[@pone.0219487.ref006], [@pone.0219487.ref007]\], and thus its occurrence has severe negative impact not only due to the loss of yield and even the plant capital but also due to the loss of export markets and the imposition of official quarantine measures, including costly eradication procedures. Additionally, the occurrence of mixed infections of related pathogens, as described for host plants affected by both *E*. *amylovora* and *E*. *piriflorinigrans* \[[@pone.0219487.ref003]\], should be taken into account when examining disease outbreaks.

Recently, Matsuura *et al*. \[[@pone.0219487.ref002]\] described *E*. *uzenensis* as a novel species of the genus *Erwinia*, and provided data on phenotypic characteristics, *viz*. growth factor requirements, fatty acid content and metabolic profile based on *β*-glucosidase activity, *β*-galactosidase activity, and acid production, to differentiate the novel species from related species of the genus. Additionally, phylogenetic analyses based on the 16S rRNA, *gyrB* and *rpoD* genes and genetic characteristics, *i*.*e*. DNA-DNA hybridization and DNA G+C content further differentiated the novel species \[[@pone.0219487.ref002]\]. Mizuno *et al*. \[[@pone.0219487.ref001]\] reported that morphological characteristics of *E*. *uzenensis* colonies on commonly used media for isolation of pear bacterial pathogens resembled those of *E*. *amylovora* or *E*. *pyrifoliae*. Besides, PCR with the primer set EprpoD developed previously could not distinguish between *E*. *uzenensis*, *E*. *pyrifoliae*, and *E*. *amylovora* biovar 4 \[[@pone.0219487.ref001]\]. Moreover, no species-specific antiserum has been reported for *E*. *uzenensis* that could be used in serological diagnostic tests. As a result, currently available diagnostic methods could fail to detect or lead to misidentification of this new bacterial pathogen of pear, as it shares many morphological, biochemical, metabolic and genetic characteristics with the above mentioned pathogenic and non-pathogenic pear-associated *Erwinia* species. For the above reasons, a diagnostic methodology for rapid and accurate detection and identification of *E*. *uzenensis* is urgently needed for prompt clarification of the status of this pathogen, effective management of BBSDP, unambiguous differentiation of *E*. *uzenensis* from the other *Erwinia* species associated with pear and understanding the synergistic effect of these pathogens in the progression of the outbreaks.

The aim of this study was to develop a real-time PCR protocol targeting the rRNA operon of *E*. *uzenensis*. To this end, primers and a TaqMan probe for the PCR protocol were designed, taking especially into account the need to distinguish *E*. *uzenensis* from other pathogenic and non-pathogenic *Erwinia* species associated with pear. The specificity and sensitivity of the developed TaqMan PCR protocol were also evaluated. The use of such a method would greatly enhance the efficiency of survey programs and improve our knowledge in relation to the life cycle of *E*. *uzenensis* and its interaction with the other pear-associated bacteria in the natural environment.

Materials and methods {#sec002}
=====================

Bacterial strains {#sec003}
-----------------

Bacterial strains employed in this study are listed in [Table 1](#pone.0219487.t001){ref-type="table"}. The strains of *E*. *uzenensis* (LMG 25842, LMG 25844 and LMG 25845), obtained from the Belgian Coordinated Collection of Micro-Organisms (BCCM^TM^), as well as all the other *Erwinia* strains employed in specificity and sensitivity assays, were grown on King's B medium \[[@pone.0219487.ref008]\] at 26°C for 48 h. *Escherichia coli* strain JM109 used for cloning experiments was incubated at 37°C on LB \[[@pone.0219487.ref009]\] broth or agar plates.

10.1371/journal.pone.0219487.t001

###### Bacterial strains used in this study.

![](pone.0219487.t001){#pone.0219487.t001g}

  Bacterial strain[^a^](#t001fn001){ref-type="table-fn"}   Host                                       Origin        Reference
  -------------------------------------------------------- ------------------------------------------ ------------- ----------------------------------------------------
  *E*. *uzenensis*                                                                                                  
      LMG 25842                                            *Pyrus communis*                           Japan         \[[@pone.0219487.ref001], [@pone.0219487.ref002]\]
      LMG 25844                                            *P*. *communis*                            Japan         \[[@pone.0219487.ref001], [@pone.0219487.ref002]\]
      LMG 25845                                            *P*. *communis*                            Japan         \[[@pone.0219487.ref001]\]
  *E*. *amylovora*                                                                                                  
      CFBP 1430                                            *Crataegus oxyacantha*                     France        \[[@pone.0219487.ref026]\]
      ARI CGJ-2                                            *Malus* sp.                                Serbia        \[[@pone.0219487.ref027]\]
      ARI BC3                                              *Malus* sp.                                Serbia        \[[@pone.0219487.ref027]\]
      SL E-70                                              *Cotoneaster* sp.                          Ireland       \[[@pone.0219487.ref029]\]
      UPN 527                                              *Malus* sp.                                Spain         \[[@pone.0219487.ref028]\]
      IVIA 1554                                            *Crataegus* sp.                            Spain         \[[@pone.0219487.ref028]\]
      IVIA 1596                                            *Pyrus* sp.                                Spain         \[[@pone.0219487.ref028]\]
      IVIA 1739--1                                         *Malus* sp.                                Spain         \[[@pone.0219487.ref028]\]
      IVIA 1951--8                                         *Pyracantha* sp.                           Spain         \[[@pone.0219487.ref028]\]
      NIB 311                                              *Pyrus* sp.                                Slovenia      \[[@pone.0219487.ref028]\]
      DPP Ea PO 394                                        NA[^b^](#t001fn016){ref-type="table-fn"}   Poland        NA
      DPP Ea PO 632                                        NA                                         Poland        NA
      DPP Ea PO 659                                        NA                                         Poland        NA
      BBA KG 6--45                                         *Cydonia* sp.                              France        \[[@pone.0219487.ref028]\]
      BBA KG 9--43                                         *Cotoneaster* sp.                          France        \[[@pone.0219487.ref028]\]
      BBA KG 9--7                                          *Pyrus* sp.                                France        \[[@pone.0219487.ref028]\]
      BBA KG 250                                           *Malus* sp.                                Germany       \[[@pone.0219487.ref028]\]
      BBA KG 1/79                                          *Cotoneaster* sp.                          Germany       \[[@pone.0219487.ref028]\]
      AGES E.a. 1                                          *Malus* sp.                                Hungary       \[[@pone.0219487.ref028]\]
      AGES E.a.17                                          *Cydonia* sp.                              Hungary       \[[@pone.0219487.ref028]\]
      AGES E.a. 26                                         *Pyrus* sp.                                Hungary       \[[@pone.0219487.ref028]\]
      AGES E.a. 28                                         *Crataegus* sp.                            Hungary       \[[@pone.0219487.ref028]\]
      AGES 295/93                                          *Cotoneaster salicifolius*                 Austria       \[[@pone.0219487.ref028]\]
      AGES 483/98                                          *Cotoneaster* sp.                          Austria       \[[@pone.0219487.ref028]\]
      AGES 1186/00                                         *Sorbus* sp.                               Austria       \[[@pone.0219487.ref028]\]
      LNPV 1585                                            *Cotoneaster* sp.                          France        \[[@pone.0219487.ref028]\]
      LNPV 1626                                            *Pyrus* sp.                                France        \[[@pone.0219487.ref028]\]
      LNPV 1709                                            *Cotoneaster* sp.                          France        \[[@pone.0219487.ref028]\]
      LNPV 1879                                            *Cotoneaster* sp.                          France        \[[@pone.0219487.ref003]\]
      CFBP 3012                                            *Crataegus monogyna*                       Belgium       \[[@pone.0219487.ref030]\]
      CFBP 3098                                            *Malus domestica*                          Israel        \[[@pone.0219487.ref031]\]
      BPIC 909                                             *Pyrus* sp.                                Greece        \[[@pone.0219487.ref028]\]
      BPIC 913                                             *Pyrus* sp.                                Greece        \[[@pone.0219487.ref028]\]
      BPIC 917                                             *Cydonia* sp.                              Greece        \[[@pone.0219487.ref028]\]
      BPIC 1041                                            *Cydonia* sp.                              Greece        \[[@pone.0219487.ref028]\]
      SL 2156                                              *Cotoneaster* sp.                          Ireland       \[[@pone.0219487.ref028]\]
      SL 2160                                              *Sorbus* sp.                               Ireland       \[[@pone.0219487.ref028]\]
      SL 2164                                              *Sorbus* sp.                               Ireland       \[[@pone.0219487.ref028]\]
  *E*. *pyrifoliae*                                                                                                 
      CFBP 4172                                            *P*. *pyrifolia*                           South Korea   \[[@pone.0219487.ref032]\]
      CFBP 4243                                            *P*. *pyrifolia*                           South Korea   \[[@pone.0219487.ref032]\]
  *E*. *piriflorinigrans*                                                                                           
      CFBP 5881                                            *Pyrus* sp.                                Spain         \[[@pone.0219487.ref033]\]
      CFBP 5888                                            *Pyrus* sp.                                Spain         \[[@pone.0219487.ref033]\]
  *E*. *tasmaniensis*                                                                                               
      NCPPB 4357                                           *Malus* sp.                                Australia     \[[@pone.0219487.ref034]\]
      NCPPB 4358                                           *Pyrus* sp.                                Australia     \[[@pone.0219487.ref034]\]
  *E*. *billingiae*                                                                                                 
      IVIA 3571--1                                         *Malus* sp.                                Spain         \[[@pone.0219487.ref003]\]
      LMG 2624                                             *Crataegus* sp.                            France        \[[@pone.0219487.ref035]\]

^a^The acronyms in the names of the bacterial strains stand for:

ARI: Agricultural Research Institute SERBIA---Pesticide and Environmental Research Centre

Belgrade-Zemun. Serbia

BBA: Federal Biological Institute for Agriculture and Forestry. Dossenheim, Germany

BPIC: Benaki Phytopathological Institute Collection, Athens, Greece

CFBP: Collection Française de Bactéries Phytopathogènes, INRA, Angers, France

IVIA: Instituto Valenciano de Investigaciones Agrarias Collection, Moncada, Spain

LMG: Bacterial Collection of the Laboratory of Microbiology, Rijksuniversiteit, Ghent, Belgium

LNPV: Laboratoire National de la Protection des Végétaux, Beaucouzé, France

AGES: Austrian Agency for Health and Food Safety, Wien, Austria. MK: strains kindly provided by Dr. Marianne Keck

NCPPB: National Collection of Plant Pathogenic Bacteria, York, United Kingdom

NIB: National Institute of Biology, Ljubljana, Slovenia

SL: State Laboratory, Dublin, Ireland

UPN: Universidad Pública de Navarra, Pamplona, Spain

DPP: Department of Plant Protection collection, Institute of Horticulture, Pomology Divison, Skiernewice, Poland

^b^NA: data not available

Sequencing of the *E*. *uzenensis* ribosomal operon {#sec004}
---------------------------------------------------

Sequence determination of the ribosomal operon of *E*. *uzenensis* was performed with PCR amplicons obtained by applying the 16SrRNA gene universal primer FGPS6 and the 23SrRNA gene reverse primer FGPL132\' \[[@pone.0219487.ref010]\] ([Table 2](#pone.0219487.t002){ref-type="table"}) on the three *E*. *uzenensis* strains employed in this study ([Table 1](#pone.0219487.t001){ref-type="table"}). Briefly, 5 μl of bacterial suspension of 10^6^-10^7^cfu ml^-1^ were added in a 50 μl reaction mixture volume containing 1 U Taq DNA polymerase (Biotools B&M Labs S.A., Madrid, Spain), 0.1 μM of each primer, 0.2 mM of each of four dNTPs and 3 mM MgCl~2~. The mixture was subjected to an initial denaturation step of 3 min at 94°C, followed by 40 cycles of 35 s at 94°C, 1 min at 55°C and 2 min at 72°C. The amplification products obtained were visualized by electrophoresis on 1% (w/v) agarose gel in 0.5× TAE buffer (40 mM Tris base, 40 mM acetic acid, 1 mM EDTA) and ethidium bromide staining. A 1-kb DNA molecular weight ladder (Invitrogen, USA) was used in gel electrophoresis.

10.1371/journal.pone.0219487.t002

###### Oligonucleotide PCR primers employed.

![](pone.0219487.t002){#pone.0219487.t002g}

  Primers     5\'-3\' Sequence                               Reference
  ----------- ---------------------------------------------- ----------------------------
  FGPS6       `GGAGAGTTAGATCTTGGCTCAG`                       \[[@pone.0219487.ref010]\]
  FGPL132\'   `CCGGGTTTCCCCATTCGG`                           
  M13F        `CGCCAGGGTTTTCCCAGTCACGAC`                     Promega, USA
  M13R        `AGCGGATAACAATTTCACACAGGA`                     
  1389R       `ACGGGCGGTGTGTACAAG`                           \[[@pone.0219487.ref011]\]
  R16-1F      `CTTGTACACACCGCCCGTCA`                         \[[@pone.0219487.ref012]\]
  UzeF        `TGCTGCGTTATGTTCTCGGC`                         This work
  UzeR        `AAACCTTTGTCTACCACTCA`                         This work
  UzeP        `FAM-ATTACATTTT/ZEN/CAGTTATCAAAAAGAA-IABkFQ`   This work

For all three strains, the FGPS6/FGPL132\' PCR resulted in two bands migrating closely together in the gel (described as 'H' and 'L' bands in the Results section); for each strain, the two bands were excised together from the gel using the UltraClean 15 DNA purification kit (MoBio Laboratories, USA), ligated with pGEM-T-Easy vector (Promega, USA) and transformed into *E*. *coli* JM109 chemically competent cells, following the instructions of vector's supplier. Colony PCR with the universal primers M13F and M13R (Promega, USA) ([Table 2](#pone.0219487.t002){ref-type="table"}) identified *E*. *coli* clones with ligated inserts corresponding to the 'H' or 'L' band. From the obtained *E*. *coli* clones, recombinant plasmid DNA was extracted using the REAL miniprep turbo kit (REAL, Spain). Sequencing of the ligated inserts was performed by IBMCP (Univ. Pol. de Valencia-CSIC, Spain) using the universal primers M13F and M13R (Promega, USA) that anneal to either side of the vector's cloning site. The primers 1389R \[[@pone.0219487.ref011]\] and R16-1 \[[@pone.0219487.ref012]\] ([Table 2](#pone.0219487.t002){ref-type="table"}), which anneal internally to the inserts, were also used for sequencing, to achieve coverage of the whole length of the cloned inserts. All primers used in this study are listed in [Table 2](#pone.0219487.t002){ref-type="table"} and their position at the rRNA operon is shown in [Fig 1](#pone.0219487.g001){ref-type="fig"}. The sequences obtained were assembled using the software Vector NTI 8 (Life Technologies, USA) and the consensus sequences of the inserts corresponding to the 'H' or 'L' band for the three *E*. *uzenensis* strains under study were obtained. These sequences were then subjected to BLASTn analysis against the GenBank non-redundant nucleotide database (NCBI).

![Primer and probe positions in the bacterial ribosomal operon.\
Priming directions are indicated by arrows. The PCR products generated by the primer set FGPS6/FGPL132' (ca. 2000 bp to 2250 bp) were cloned into the pGEM-T-Easy vector (Promega, USA) and sequenced with: a) the primers M13F and M13R (not shown in the figure), annealing to either side of the vector's cloning site; b) the primers 16F-1 and 1389R, annealing internally to the cloned insert. The positions of the newly designed real-time PCR primer set UzeF/UzeR and probe UzeP are also indicated. The figure is not drawn to scale.](pone.0219487.g001){#pone.0219487.g001}

Structural annotation of sequenced ribosomal region {#sec005}
---------------------------------------------------

The structural organization of the sequenced region of the rRNA operon of each of the three *E*. *uzenensis* strains was inferred by BLASTn analysis against the GenBank non-redundant nucleotide database (NCBI), as well as by applying the software RNAmmer \[[@pone.0219487.ref013]\] and tRNA scan-SE \[[@pone.0219487.ref014]\]. RNAmmer predicts rRNA genes (5s, 16s, and 23s), while the tRNAscan-SE predicts transfer RNA genes (tRNAs) in the 16-23S rRNA internal transcribed spacer (ITS). They were applied using default values, after setting the organism type to 'bacteria'.

Design of real-time PCR primers and probe {#sec006}
-----------------------------------------

In order to find a sufficiently variable area to design primers and probe to discriminate *E*. *uzenensis* from the other *Erwinia* species, the consensus sequence of the 'H' bands along the ITS region of the three *E*. *uzenensis* strains was compared using software CLUSTALW \[[@pone.0219487.ref015]\] with those of other *Erwinia* species pathogenic to pear, namely *E*. *amylovora* (strains: CFBP1430, Ea110 and EaIL5) and *E*. *pyrifoliae* (strains: Ep8 and Ep4), retrieved from GenBank. A pair of primers (UzeF, UzeR) was designed using the software Vector NTI 8 (Life Technologies, USA) to anneal to the region of the ITS that showed the highest variability between the strains analyzed, in order to achieve the best specificity (Figs [2](#pone.0219487.g002){ref-type="fig"} and [3](#pone.0219487.g003){ref-type="fig"}). A TaqMan probe (UzeP) was also designed inside the selected region. This probe includes the ZEN Internal Quencher (Integrated DNA Technologies, Inc., USA) that enables less background and increased signal (better sensitivity) in the PCR assays ([Table 2](#pone.0219487.t002){ref-type="table"}).

![Schematic representation of the two structural organization patterns predicted for the sequenced 16S-ITS-23S rRNA region in all three *E*. *uzenensis* strains.\
A) Pattern corresponding to PCR bands with the higher molecular weight ('H'); B) Pattern corresponding to PCR bands with the lower molecular weight ('L'). Numbers in parentheses indicate the position of the 16S rRNA and 23S rRNA genes, of the tRNA molecules and of the ITS region in the sequence of the FGPS6/FGPL132' PCR amplicons.](pone.0219487.g002){#pone.0219487.g002}

![Multiple alignment analysis of the ITS sequences.\
Using CLUSTALW, the consensus ITS sequence of the 'H' bands of the three *E*. *uzenensis* strains and those ITS sequences of five other pathogenic *Erwinia* strains (*E*. *pyrifoliae* strains: Ep4 and Ep8; *E*. *amylovora* strains: CFBP1430, Ea110, and EaIL5) obtained from GenBank were aligned. The position of the newly designed primers (in bold) and probe (bold and underlined) for the real-time PCR protocol are shown.](pone.0219487.g003){#pone.0219487.g003}

Real-time PCR conditions {#sec007}
------------------------

The real-time PCR assays were carried out in a StepOne thermocycler (Applied Biosystems, ThermoFisher, Waltham, MA, USA). The template used was a culture suspension of 10^8^ cfu ml^-1^, and dilution series from 10^5^ to 10^1^ cfu ml^-1^ of the *E*. *uzenensis* LMG25844 strain ([Table 1](#pone.0219487.t001){ref-type="table"}). The amplification was performed in a 25 μl reaction volume containing 5 μl template (sample), 12.5 μl 2x reaction mix (Quantimix Easy Probes kit, Biotools B&M Labs S.A., Madrid, Spain), 0.2 μM of each primer (UzeF-UzeR) and 0.1 μM of TaqMan probe (UzeP). The amplification conditions included an initial denaturation step at 95°C for 10 min, followed by 40 cycles, each one consisting of 15 sec at 95°C and 30 sec at 60°C.

Specificity and sensitivity assays {#sec008}
----------------------------------

The specificity of the primers and probe designed in this work to detect *E*. *uzenensis* was first evaluated by BLASTn search of their sequences against GenBank database. Additionally, specificity assays using the developed real-time PCR protocol were performed on bacterial suspensions of 38 strains of *E*. *amylovora*, 2 strains of *E*. *piriflorinigrans*, 2 strains of *E*. *pyrifoliae* and 4 strains of non-pathogenic *Erwinia* species, all listed in [Table 1](#pone.0219487.t001){ref-type="table"}. The analyses were performed twice with all the listed bacterial strains.

The analysis was extended to include real-time PCR detection protocols previously developed for other pear pathogenic *Erwinia* species, in order to check possible cross-reactions with *E*. *uzenensis*. Therefore, the three *E*. *uzenensis* strains were analyzed with real-time PCR protocols developed for *E*. *amylovora* by Gottsberger *et al*. \[[@pone.0219487.ref016]\] and Pirc *et al*. \[[@pone.0219487.ref017]\], for *E*. *pyrifoliae* by Wensing *et al*. \[[@pone.0219487.ref018]\], and for *E*. *piriflorinigrans* by Barbé *et al*. \[[@pone.0219487.ref003]\], using 10^6^ cfu ml^-1^ bacterial suspensions. Additionally, sensitivity and specificity assays of the developed primers and probe were performed in bacterial mixtures consisting of *E*. *uzenensis* and one of the other three pear pathogenic *Erwinia* species used in the specificity assays. Thus, there were three bacterial mixtures assayed, namely *E*. *uzenensis*:*E*. *amylovora*, *E*. *uzenensis*:*E*. *pyrifoliae*, and *E*. *uzenensis*:*E*. *piriflorinigrans*. The initial bacterial suspensions used for the preparation of the mixtures had a concentration of 10^6^ cfu ml^-1^, and were mixed in ratios 1:1, 1:2, 2:1 v/v. Same ratios for *E*. *uzenensis*:water were used as control. A second series of assays was conducted on similar mixtures prepared using initial bacterial suspensions with a concentration of 10^5^ cfu ml^-1^. All bacterial mixtures prepared were subjected to real-time PCR following the protocol described above. The experiments were performed in triplicate.

Sensitivity assays of the developed real-time PCR were performed on serial dilutions of bacterial suspensions and also on spiked samples of pear material. Briefly, a suspension of *E*. *uzenensis* LMG25844 strain was adjusted to 10^8^ cfu ml^-1^ at 600 nm (OD~600~ 0.2), and serial dilutions from 10^5^ to 10^1^ cfu ml^-1^ were prepared. A plate count on King's medium B was used to confirm the bacterial concentration of each suspension. For spiked samples, 1 g of healthy pear tissue (twigs, flowers, buds, leaves, fruits) was slightly crushed with 50 ml of antioxidant maceration buffer, as described in the protocol of the European and Mediterranean Plant Protection Organization (EPPO) for *E*. *amylovora* \[[@pone.0219487.ref019]\] and then spiked with the serially diluted suspensions of *E*. *uzenensis* described above. In specific, 1 ml of the spiked sample consisted of 990 μl of macerated plant tissue in PBS and 10 μl of the bacterial suspension to reach a final concentration of 10^5^ to 10^1^ cfu ml^-1^.

The serially diluted bacterial suspensions were used directly in the real-time PCR reactions, while for the spiked samples, the DNA used was extracted following the protocol of Llop *et al*. \[[@pone.0219487.ref020]\]. In both cases, 5 μl of suspension or DNA were used per 25 μl reaction. The bacterial suspensions were prepared in 10 mM PBS in all the analyses. The negative control used included DNA extracted from healthy plant material macerated in PBS similarly to the spiked samples, while the no template control included only PBS.

The bacterial dilutions prepared for the sensitivity assays were employed as real-time PCR DNA standards to generate a standard curve of the fluorescence signal in relation to the amount of template. The threshold cycle values (Ct values) were plotted versus the known amount of bacteria.

Results {#sec009}
=======

Cloning and sequencing of the *E*. *uzenensis* ribosomal operon {#sec010}
---------------------------------------------------------------

Gel electrophoresis of the PCR products generated with primers FGPS6 and FGPL132\' on the three *E*. *uzenensis* strains revealed the presence of two bands of ca. 2000 bp and 2250 bp for all of them. These bands were marked as 'H' or 'L', according to their higher or lower size, respectively ([Fig 4](#pone.0219487.g004){ref-type="fig"}). The presence of two bands in the PCR reactions suggests that the three isolates possess multiple rRNA operons with intragenomic ITS variation, which generally stems primarily from differences in tRNA gene composition, as already observed in other *Erwinia* species \[[@pone.0219487.ref021]\].

![Agarose gel electrophoresis of the PCR products.\
Products generated by the primers FGPS6 and FGPL132' on the three *E*. *uzenensis* strains: LMG 25842, LMG 25844, LMG 25845 are shown. Two distinct bands with a size ranging between 2,000 bp and 2,250 bp are present for all three *E*. *uzenensis* strains tested. The bands with higher or lower molecular weight are marked as 'H' or 'L', respectively, to the right of the gel. The 2036 bp and 3072 bp fragments of a 1 kb DNA ladder (Invitrogen, USA) loaded in the left side lane are also indicated.](pone.0219487.g004){#pone.0219487.g004}

The two bands were cloned and sequenced for each of the three strains to deduce the information needed for the subsequent selection of the appropriate region for primers-probe design. Comparison of the derived sequences by the BLASTn algorithm (NCBI) confirmed that 'L' and 'H' bands correspond to sequences that are highly homologous to the 16S-ITS-23S rRNA region of other *Erwinia* strains, for example they are 98% identical over 99% of their length to that of *E*. *pyrifoliae* (GenBank Accession no: FN392235.1). The newly determined 16S-ITS-23S rRNA sequences of *E*. *uzenensis* have been deposited in the GenBank Database under accession numbers: KY314620 (strain LMG 25842, 'H'), KY314621 (strain LMG 25842, 'L'), KY314622 (strain LMG 25844, 'H'), KY314623 (strain LMG 25844, 'L'), KY314624 (strain LMG 25845, 'H') and KY314625 (strain LMG 25845, 'L').

Furthermore, using the RNAmmer and the tRNAscan-SE software \[[@pone.0219487.ref013], [@pone.0219487.ref014]\], the structural annotation of the *E*. *uzenensis* sequences obtained in this work was predicted with regard to the location of non-coding RNA sequences. For all three strains, a 16S rRNA gene was predicted to span a region of 1530 bp in the sequences corresponding to both the 'L' and 'H' bands. This 16S rRNA gene was ≥99% identical among the three *E*. *uzenensis* strains. However, in all three strains, the 'L' and 'H' bands differed in the organization pattern and size of their ITS region. In the case of 'H' bands, two tRNA molecule sequences were predicted in the ITS region: one tRNA^Ile^ at location 1611 bp to 1684 bp, and one tRNA^Ala^ at location 1841 bp to 1913 bp. In the case of 'L' bands, only one tRNA molecule sequence was predicted in the ITS region: a tRNA^Glu^ at location 1608 bp to 1680 bp. Finally, in all three strains and in both the 'H' and 'L' bands, the sequences included 128 bp of the 5' end of the 23S rRNA gene ([Fig 2](#pone.0219487.g002){ref-type="fig"}).

Real-time PCR development and determination of its specificity and sensitivity {#sec011}
------------------------------------------------------------------------------

The comparative analyses of the ITS consensus sequence of the *E*. *uzenensis* strains, as determined in the 'H' bands, with that of strains of related *Erwinia* species (*E*. *amylovora* and *E*. *pyrifoliae*) resulted in determining a 129 bp region in the ITS, suitable to design a pair of primers (UzeF, UzeR) and probe (UzeP) ([Fig 3](#pone.0219487.g003){ref-type="fig"}; [Table 2](#pone.0219487.t002){ref-type="table"}). The developed real-time PCR protocol employing these primers and probe performed well when using a dilution series of culture suspension (10^5^ to 10^1^ cfu ml^-1^) of the *E*. *uzenensis* LMG25844 strain. Cycle threshold (Ct) values were linearly correlated with the quantity of the target sample and permitted the construction of the standard curve ([Fig 5](#pone.0219487.g005){ref-type="fig"}). The correlation coefficient (R^2^) was 0.996, with a slope of -3,4 and efficiency of 96,6%.

![Amplification plot and standard curve analyses.\
Graphs obtained in the real-time PCR on E. uzenensis strain LMG25844 serially diluted (105 to 101 cfu ml-1) in 10 mM PBS. Linear correlation of the standard curve, R2: 0.996; Slope: -3.4; Efficiency: 96.6%.](pone.0219487.g005){#pone.0219487.g005}

Different assays were performed to check both specificity and sensitivity of the developed real-time PCR protocol. Specificity was firstly analyzed *in silico* by BLASTn searches of the sequences of the primers and probe designed in this work. These analyses showed that whereas primer UzeR hybridized with several locations within the *E*. *amylovora* ITS (100% identity in 19 out of the 20 nts), primer UzeF and probe UzeP did not give enough matches against sequences of the known, closely related pear pathogens. This supports the reliability of the PCR developed by *in silico* analyses. Additionally, when the developed real-time PCR protocol was applied on all pathogenic and non-pathogenic *Erwinia* strains included in [Table 1](#pone.0219487.t001){ref-type="table"}, only the *E*. *uzenensis* strains provided a positive result

Furthermore, *E*. *uzenensis* strains did not provide positive results with any of the real-time PCR protocols developed to detect the other pathogenic *Erwinia* species. The sensitivity of the developed PCR using the bacterial suspensions of *E*. *uzenensis* reached the level of 10^1^ cfu ml^-1^, and with the spiked pear samples, the level of 10^2^−10^4^ cfu ml^-1^ depending on the plant material analyzed ([Table 3](#pone.0219487.t003){ref-type="table"}). The sensitivity of the real-time PCR was not affected in the presence of other *Erwinia* species, with the same Ct values as the *E*. *uzenensis*:water control, even in ratios of 1:2 (data not shown). The real-time PCR was positive only when *E*. *uzenensis* was included in the mix, and negative when *E*. *amylovora*, *E*. *pyrifoliae* or *E*. *piriflorinigrans* were tested alone.

10.1371/journal.pone.0219487.t003

###### Ct values obtained in sensitivity assays using spiked pear samples consisting of various types of tissue and serial dilutions of *E*. *uzenensis* to reach a final bacterial concentration ranging from10^5^ to 10^1^ cfu ml^-1^.

![](pone.0219487.t003){#pone.0219487.t003g}

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Plant material   Ct values[\*](#t003fn001){ref-type="table-fn"}\                                                                          
                   obtained at a concentration of *E*. *uzenensis* in the spiked samples                                                    
  ---------------- ----------------------------------------------------------------------- ------------ ----------- ----------- ----------- -------------------------------------------
  \                flowers                                                                 19.5± 0.10   22.4±0.08   25.8±0.15   31.5±0.07   \-[\*\*](#t003fn002){ref-type="table-fn"}
  *Pyrus* sp.                                                                                                                               

  buds             23.3±0.22                                                               26.7±0.10    30.7±0.09   \-          \-          

  leaves           20.0±0.08                                                               23.6±0.05    27.6±0.30   30.8±0.21   \-          

  fruits           23.4±0.13                                                               27.0±0.10    \-          \-          \-          

  twigs            20.5±0.06                                                               22.9±0.09    26.2±0.15   29.1±0.07   \-          
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* Ct values: mean of the Ct values of three replicates ± standard deviation of these values

\*\* '-'negative result

Discussion {#sec012}
==========

Some pear pathogenic *Erwinia* species constitute a serious threat for the cultivation of this economically-important crop, as well as for other rosaceous fruit trees (apple, quince, loquat, etc.) and ornamental species of economic value. *E*. *amylovora* is the most destructive species of this genus, considering its large host range \[[@pone.0219487.ref019]\] and the severity of symptoms caused \[[@pone.0219487.ref007]\], resulting in significant crop losses \[[@pone.0219487.ref007]\]. However, other pathogenic *Erwinia* species may contribute to significant losses on these crops, as well. This is supported by certain features of these *Erwinia* pathogens: a) the presence of plasmids genetically similar to the ubiquitous, virulence-related plasmid pEA29 of *E*. *amylovora*, such as the plasmid pEJ30 of *Erwinia* sp. strains causing bacterial shoot blight on pear in Japan \[[@pone.0219487.ref022]\] and the plasmid pEPIR37 of *E*. *piriflorinigrans* causing pear blossom necrosis, which has been proven to increase symptom development when introduced in a *E*. *amylovora* strain cured of pEA29 \[[@pone.0219487.ref023]\]; b) their possibly underestimated occurrence, due to the lack of reliable diagnostic methods, as suggested by the recent records showing the occurrence of *E*. *pyrifoliae* and *E*. *piriflorinigrans* in new geographic areas and new hosts \[[@pone.0219487.ref003], [@pone.0219487.ref004]\], (Smits, T. personal communication); c) the presence of transferable plasmids in these pathogens \[[@pone.0219487.ref024]\] which suggests that interchange of genetic information through horizontal gene transfer events is possible, and lastly d) the occurrence of mixed infections on host plants, as shown for *E*. *amylovora* and *E*. *piriflorinigrans* which were isolated jointly from loquat plants outbreaks in Spain \[[@pone.0219487.ref003]\] indicating a possible synergistic effect in enhancing symptom development. These features substantiate the need for specific and sensitive detection protocols for all pathogenic *Erwinia* species, that can provide: a) reliable identification of the different pathogens affecting a host, especially when the possible causal agents are so closely related genetically and their disease symptoms can be misidentified due to their similarity; b) further insight into the epidemiological behavior of each species, alone, or in combination of two or more of them, as well as the real host range of each species. The need for such detection protocol is obvious for *E*. *uzenensis*, a newly-described pear pathogenic *Erwinia* species for which not much information is available about its geographical distribution, host range, and life cycle. To address this knowledge gap, a new molecular detection method, based on a real-time PCR protocol using a specific probe, has been developed in this work, showing reliability in specificity and sensitivity, even with mixed related bacteria in the same sample.

Because little genetic information is available on *E*. *uzenensis*, its ribosomal operon was sequenced and the ITS region was selected to design primers and probe for real-time PCR with high specificity. Three *E*. *uzenensis* strains were used in the study, as the number of such strains available in the bacterial collections worldwide is very limited. The comparisons performed on the *E*. *uzenensis* ITS consensus sequence against the respective region of the other *Erwinia* pathogenic species allowed the selection of a region sufficiently variable to design a pair of primers and a TaqMan probe with good specificity against closely related pear-associated *Erwinia* species. The developed real-time PCR protocol was evaluated using bacterial cell suspensions and plant material artificially spiked with *E*. *uzenensis*. Due to the very restricted geographical distribution of this pathogen (recorded only in Japan), plant tissue naturally infected by this pathogen was not available to the authors for further evaluation of the protocol. Nevertheless, the results obtained showed that the developed real-time PCR protocol is specific in not detecting any of the other closely related *Erwinia* species tested and shows a good sensitivity level in detecting *E*. *uzenensis* in cell suspensions and in spiked plant material. The high sensitivity obtained could be explained by the presence of DNA from dead cells that would increase the template available for amplification by PCR not reflected in the counting by plating, as reported in previous works \[[@pone.0219487.ref025]\]. The differences in the sensitivity level obtained with the various types of plant material used could be due to the dissimilar efficiency of the DNA extraction protocol to remove the inhibitors present in variable amounts in fruit, leaf, bark and stem tissues. Similarly to the detection methods recently developed for other newly-described pathogenic *Erwinia* species \[[@pone.0219487.ref003], [@pone.0219487.ref004]\], this protocol would provide an important tool for diagnostic and epidemiological studies, expanding our knowledge on this new species.

As the symptoms caused by *E*. *uzenensis* on pear can be misidentified as being caused by *E*. *amylovora* or other *Erwinia* species, it is not recommended to make a diagnosis on the basis of symptoms observation. Furthermore, the identification of *E*. *uzenensis* is confusing because it shares phenotypic characteristics with other pathogenic and non-pathogenic *Erwinia* species. The real-time PCR protocol presented here accurately identifies *E*. *uzenensis* in spiked plant material and could be used in surveys investigating the current distribution of this pathogen and in epidemiological studies that would provide information on its life cycle in the plant tissues.
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